Liquid transport in microchip-based systems[@b1][@b2][@b3][@b4][@b5][@b6][@b7] is important in many areas such as Laboratory-on-a-chip[@b8], Microfluidics[@b9] and Optofluidics[@b10]. Actuation of liquids in such systems is usually achieved using either mechanical displacement[@b11] e.g. pumping or via energy conversion e.g. electrowetting[@b12][@b13][@b14][@b15] which modifies wetting. However, at the moment there is no clear way of actuating a liquid using light. The advantage of light actuation is clear: it would eliminate the need for pumps[@b11] and complex electronic circuitry currently used for droplet transport[@b12][@b13][@b14][@b15]. Here, a brand new effect "photoelectrowetting on semiconductors" (PWOS) is demonstrated and explained by linking semiconductor physics[@b16] and wetting phenomena[@b17].

Over a hundred years after pioneering work on electro-capillarity phenomena[@b18], electrowetting has undergone a recent renaissance via the use of microtechnology[@b12][@b13][@b14][@b15]. Briefly, when a droplet of conducting liquid, e.g. an electrolyte, is placed on a conductor coated with a thin layer of insulating material ([Figure 1](#f1){ref-type="fig"}) the wetting contact angle *θ* of the droplet can be modified by applying a voltage *V* according to the Young-Lippmann equation[@b17]: where *θ*~0~ is the wetting contact angle at zero bias, *C* is the capacitance (per unit surface) of the insulating layer and *γ* is the surface tension of the liquid droplet. Note that *C* *does not vary* with either applied voltage or illumination for the liquid-insulator-conductor (LIC) system and the effect is *symmetrical with voltage polarity*, i.e. *θ*~−V~ = *θ*~+V~. The effect has led to applications[@b13] such as displays[@b19][@b20], microelectromechanical systems[@b21], tunable optics[@b22] and digital-microfludics[@b23][@b24] but still holds fundamental scientific challenges[@b15].

In contrast, if we now replace the conductor in [Figure 1](#f1){ref-type="fig"} by a *semiconductor* to form a liquid-insulator-semiconductor (LIS) stack shown in [Figure 2a](#f2){ref-type="fig"}, space-charge effects in the semiconductor can now modify the electrowetting behaviour as *C* can change with both applied voltage[@b16]*and* illumination[@b25]. The reason for this is that *C* is now composed of two capacitances connected in series: *C~i~*, the insulator capacitance and *C~s~* the *voltage and illumination dependent capacitance* of the space-charge region in the semiconductor ([Figure 2b](#f2){ref-type="fig"}); an effect much exploited for image sensing[@b26][@b27].

By borrowing well-known language from semiconductor physics[@b16] we should be able to make some simple predictions about the electrowetting behaviour of the LIS system by making the analogy with the well-known metal-insulator-semiconductor (MIS) system. Indeed it is well known that depletion layers form at electrolyte-semiconductor interfaces[@b28][@b29]; this effect has been exploited for commercial purposes[@b30][@b31] and electrolyte-semiconductor[@b32] and electrolyte-insulator-semiconductor[@b33] interfaces have been used for transistor-based sensing[@b34][@b35] and carbon nanotube transistors[@b36].

Straight away one can predict major differences compared to the LIC system: the electrowetting behaviour (i) will be *asymmetrical* with voltage polarity (*θ*~−V~*θ*~+V~) (ii) will depend on the doping *density* and *type* of the underlying semiconductor and (iii) will depend on *illumination* (the value of *C~s~*, can be modified by incident above band gap radiation)[@b16][@b25], (iv) under accumulation or high doping density should behave as the regular LIC system and (v) will be governed by other semiconductor effects, e.g. carrier inversion and breakdown[@b16] at higher bias.

[Figure 2c](#f2){ref-type="fig"} shows the predicted effect of illumination using above band gap light on a biased LIS system in *depletion*. Light penetrating into the semiconductor will generate electron-hole pairs in the depletion zone[@b16]; the effect of this is to *increase* the capacitance of the stack[@b25] and thus *reduce* the contact angle of the droplet *at constant applied voltage*, i.e. the droplet spreads out upon illumination. Provided that there is no electrochemistry during illumination, e.g. due to breakdown of the insulator or the semiconductor, then the effect should be reversible.

The simple arguments above are based on the following assumptions: (i) the Debye length *λ*~D~ in the electrolyte (see [Supplementary Information](#s1){ref-type="supplementary-material"}) is much less than the thickness of the insulator and the depletion width in the semiconductor meaning electrical double layer (EDL) effects[@b32][@b33] need not be considered, (ii) the capacitance is uniform under the droplet[@b37] and (iii) interface effects are ignored for the moment (surface states, trapped charge, mobile ionic charge in the insulator, high field effects...)[@b16].

Results
=======

In order to test the above ideas commercial 3″ silicon wafers (Siltronix, France) were coated with an amorphous fluoropolymer layer of polytetrafluoroethylene (PTFE). PTFE is commercially available as Teflon® AF (Dupont, USA). Fluoropolymer films are currently being investigated for transistor gate dielectric[@b38][@b39]. The Teflon® thicknesses were 265 nm (±15 nm) and 20 nm (±3 nm) using spin coating (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Near field microscopy (tapping mode Atomic Force Microscopy) revealed that the Teflon® films were very smooth (roughness *R*~q~ \< 1 nm) and defect free (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Four types of silicon wafers were employed: p-type (*N*~A~ ∼ 1.8×10^15^ cm^−3^ and *N*~A~ ∼ 8×10^18^ cm^−3^) and n-type (*N*~D~∼ 6×10^14^ cm^−3^ and *N*~D~∼ 3.5×10^17^ cm^−3^) (see [Supplementary Information](#s1){ref-type="supplementary-material"}); these will be referred to as p+, p, n+ and n henceforth. The silicon wafers were cleaned and deoxidised using H~2~SO~4~/H~2~O~2~ and HF based solutions in a controlled cleanroon environment (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Silicon wafers are ideal for the deposition of such thin films as their roughness is of the order of 1 nm. Aluminium Ohmic contacts were formed on the rear surface of the wafers to ensure a good electrical contact for the experiments (see [Supplementary Information](#s1){ref-type="supplementary-material"}).

The contact angle data was gathered using a commercial Contact Angle Meter (GBX Scientific Instruments, France) (see [Supplementary Information](#s1){ref-type="supplementary-material"}) and the experiments were performed in a class ISO 5/7 cleanroom (*T* = 20°C±0.5°C; *RH* = 45%±2%).

Five liquids were used for the experiments: (i) a dilute hydrochloric acid solution (concentration = 0.01 M) (ii) two saline solutions (0.01 M and 0.001 M) (iii) an acetic acid solution (1 M) and Coca-Cola® (The Coca-Cola Company, USA). The electrical conductivities of the solutions were measured to be 3.64 mS cm^−1^, 1.18 mS cm^−1^, 0.12 mS cm^−1^, 1.32 mS cm^−1^ and 1.07 mS cm^−1^ respectively (see [Supplementary Information](#s1){ref-type="supplementary-material"}).

A small volume (∼µL) of liquid was placed on the Teflon® surface. One contact was provided using the Ohmic contact on the rear surface of the wafers. The voltage (±40 V) was applied to the liquid via a stainless steel wire inserted into the droplet and the contact angle was recorded (photographed and filmed) (see [Supplementary Information](#s1){ref-type="supplementary-material"}). The applied voltage was stepped to the measurement voltage *V* (see [Supplementary Information](#s1){ref-type="supplementary-material"}).

[Figure 3](#f3){ref-type="fig"} shows photographs of the droplet profile as a function of applied voltage for the different silicon wafers under ambient room lighting (\<10 W m^−2^). For the two higher doped silicon wafers (p+ and n+) the contact angle measurements did not reveal a marked asymmetric contact angle variation with voltage polarity ([Figure 3a](#f3){ref-type="fig"} and [Figure 3b](#f3){ref-type="fig"}) behaving very much as the LIC system i.e. *θ*~−V~∼*θ*~+V~ . In contrast, in the case of the two lower doped silicon wafers (p and n) a distinct electrowetting asymmetry, depending on the voltage polarity, is observed ([Figure 3c](#f3){ref-type="fig"} and [Figure 3d](#f3){ref-type="fig"}). If we consider the p-type sample, a negative voltage leads to a contact angle variation similar to the p+ sample ([Figure 3c](#f3){ref-type="fig"}). However, for a positive voltage the contact angle variation is less, i.e. the droplet tends not to spread out for positive applied voltages. The opposite is observed for the n-type silicon in terms of voltage polarity ([Figure 3d](#f3){ref-type="fig"}), i.e. the droplet tends not to spread out for negative applied voltages.

Interestingly asymmetrical electrowetting[@b40] was reported for a silicon wafer (doping type and density not given in the paper) covered with a thin layer (100 nm) of Teflon® although this was attributed at the time to preferential adsorption of hydroxide ion, OH^−^ at Teflon® AF-water interfaces. The results here involving the highly doped silicon wafers (p+ and n+) point towards a semiconductor related effect, as is reported here, rather than a Teflon®-liquid interaction.

[Figure 4](#f4){ref-type="fig"} shows the effect of illumination on the droplet profile for the different silicon wafers and liquids. Under depletion conditions, i.e. a negative voltage for n-type and a positive voltage for p-type, illumination with an above band gap white light source (Schott, USA) (see [Supplementary Information](#s1){ref-type="supplementary-material"}) leads to the expected flattening out of the droplet at constant voltage, i.e. the predicted photoelectrowetting effect. The photoelectrowetting effect is reversible, switching off the light source causes the droplet to "pop-up" and the dark contact angle is restored; the process can be repeated many times. As the voltage is increased on the droplet (positive for p-type, negative for n-type) the droplet flattens out more upon illumination, i.e. the illuminated contact angle (*θ*~Light~) decreases with increasing voltage.

[Figure 5](#f5){ref-type="fig"} shows plots of the droplet contact angle as a function of applied voltage and illumination for the different silicon wafers. The two highly doped silicon wafers (p+ and n+) follow a classic relationship as expected from the Young-Lippmann equation (dashed black line) with *C* near constant. [Figure 5](#f5){ref-type="fig"} also shows the variation of droplet contact angle with illumination for the two lower doped silicon wafers (n and p). In contrast, the electrowetting for the lower doped p- and n-type silicon wafers does not at all follow a classic relationship for a positive and negative applied voltage respectively. In the case of the n-type wafer coated with 265 nm of Teflon® the contact angle at −30 V reduces by ∼7° whereas at +30 V it reduces by ∼20°. For the p-type wafer coated with 265 nm of Teflon®, the contact angle at −30 V reduces by ∼26° whereas at +30 V it reduces by ∼14°. The continuous coloured curves are based on results obtained during the electrical characterization (see later).

The largest optically induced contact angle change Δ*θ*~L~ = *θ*~Dark~ − *θ*~Light~ equal to ∼16° is observed for the n-type silicon at −40 V ([Figure 5b](#f5){ref-type="fig"}) although by reducing the thickness of the Teflon® from 265 nm to 20 nm on the n-type wafer a Δ*θ*~L~ ∼15° can be achieved at voltages around 10 V ([Figure 5c](#f5){ref-type="fig"}). The green arrows indicate reversibility.

The films (see [Supplementary Information](#s1){ref-type="supplementary-material"}) enable a comparison of the time it takes the contact angle to adjust from *θ*~Dark~ to *θ*~Light~ and from *θ*~0~ to *θ*~±V~ in the absence of illumination. These times were found to be comparable (∼70 ms) supporting the view that the effect of light is to switch from a depleted state to an illuminated state[@b16][@b25] in the semiconductor via the generation of electron-hole pairs in the space-charge region. Additional experiments were preformed using bare silicon wafers not coated with Teflon® where a Schottky barrier is known to form[@b28][@b29]; a non-reversible photoelectrowetting effect was observed at low voltages (see [Supplementary Information](#s1){ref-type="supplementary-material"}).

All this is well and good but in order to provide evidence that the photoelectrowetting and asymmetrical electrowetting effects observed here are related to *space-charge effects in the semiconductor* we need to look into what is happening *underneath* the surface. This can be done using impedance measurements.

Gold contacts (surface area ∼ 0.1--1 mm^2^) were evaporated onto the Teflon®-silicon samples through a mechanical mask to form MIS structures. Impedance measurements were gathered using a Precision Impedance Analyzer (Agilent, USA) (see [Supplementary Information](#s1){ref-type="supplementary-material"}).

[Figure 6](#f6){ref-type="fig"} shows the capacitance-voltage curves for the gold-Teflon®-silicon stacks. For the highest doped (p+) silicon wafer (black squares) the capacitance is constant \[6.43×10^−5^ F m^−2^ (±0.004×10^−5^ F m^−2^)\] over the voltage range (±20 V) ([Figure 6a](#f6){ref-type="fig"}). The low frequency dielectric constant of the Teflon® can be extracted from this to be 1.92 (±0.04). For the next highest doped wafer (n+) (black circles), a slight carrier accumulation/depletion effect is observed with the capacitance varying from 6.26×10^−5^ F m^−2^ to 6.4×10^−5^ F m^−2^ as the voltage is increased from −20 V to +20 V ([Figure 6a](#f6){ref-type="fig"}). Illumination using the white light source was observed to have little effect on the capacitance of these two samples just as illumination had no noticeable effect on the contact angle during the photoelectrowetting experiments for these samples (p+ and n+).

In terms of the lower doped samples (p and n), [Figure 6b](#f6){ref-type="fig"} and [Figure 6c](#f6){ref-type="fig"} show the variation of capacitance with voltage under background room lighting \<10 W m^−2^ (black squares). In this case the capacitance is observed to vary strongly with voltage as the depletion width in the semiconductor is modified. The stacks behave similar to MIS system. For the n-type wafer coated with 265 nm of Teflon® the capacitance is reduced from 6.14×10^−5^ F m^−2^ to 1.2×10^−5^ F m^−2^ as the applied voltage is reduced from 0 V to −40 V. In the case of the p-type wafer coated with 265 nm of Teflon® the capacitance reduces to 3.1×10^−5^ F m^−2^ from 6×10^−5^ F m^−2^ as the voltage is increased from −10 V to +40 V.

[Figure 6b](#f6){ref-type="fig"} and [Figure 6c](#f6){ref-type="fig"} show the effect of illumination on the capacitance-voltage curves of the lower doped silicon wafers using above band gap light using the same white light source (Schott, USA) as used for the electrowetting experiments. As expected, the effect of illumination is to increase of the capacitance of the stacks[@b25]. It is this increase in capacitance that causes the droplet to spread out in the electrowetting experiments upon illumination. Indeed, the measured capacitance-voltage curves (dark and light) can now be inserted into the Young-Lippmann equation in order to compare the electrical characterization with the electrowetting characterization; these are the continuous coloured curves visible on [Figure 5](#f5){ref-type="fig"}. The capacitance-voltage variations for the highly doped wafers (blue curves in [Figure 5](#f5){ref-type="fig"}) follow the Young-Lippmann equation with *C* near constant. The capacitance-voltage variations for the lower doped wafers (red curves in [Figure 5](#f5){ref-type="fig"}) do not follow the Young-Lippmann equation (with *C* constant) as *C* now varies with *V*. The capacitance variation observed during the impedance measurements under illumination fits very well with the contact angle variation upon illumination during the photoelectrowetting experiments (pink curves in [Figure 5](#f5){ref-type="fig"}). It is very clear that the electrical characterization gives very strong evidence that the asymmetrical electrowetting and photoelectrowetting observations here are semiconductor space-charge related effects[@b16].

It was observed that the light intensity (or more correctly the *irradiance* W m^−2^) required to vary the capacitance (during the impedance measurements) was greater than was necessary to produce the equivalent photoelectrowetting response by a factor of ∼2--3. In order to understand why this is so the optical transmission into the silicon for the air-water-Teflon®-silicon and air-gold-Teflon®-silicon stacks was calculated (see [Supplementary Information](#s1){ref-type="supplementary-material"}). The generation rate *g* cm^−3^ s^−1^ of photogenerated carriers in the silicon could thus be estimated and compared to an established photocapacitance model for MIS capacitors[@b25]. This calculation was in good agreement with observations and showed that (i) *g*~photoelectrowetting~/*g*~impedance~ ∼3 for the same irradiance and (ii) *g*~photoelectrowetting~ \>10[@b20] cm^−3^ s^−1^ to produce the observed angle changes in the photoelectrowetting experiments. The photocapacitance model[@b25] yields a value of this order (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Going further, the MIS photocapacitance model[@b25] can be injected into the Young-Lippmann equation to calculate the variation of contact angle as a function of electron-hole pair generation rate *g* in the silicon (see [Supplementary Information](#s1){ref-type="supplementary-material"}). The results of this are given in the following [table](#t1){ref-type="table"} and compare well with the experimental photoelectrowetting results given in [Figure 4](#f4){ref-type="fig"}.

Discussion
==========

In terms of optically induced liquid transport (thermal effects[@b11] aside), the literature is relatively scarce[@b41][@b42][@b43][@b44][@b45][@b46]. Laser-induced microflow due to vortices is possible[@b41][@b42] and an optically activated electrowetting has been reported[@b43]. However, this was due to a photoconductor used as a *lumped circuit element* rather than an intrinsic space-charge layer related effect which can be associated with the capacitance in the Young-Lippmann equation as is reported here. A "photo wetting" effect has also been reported using liquid crystals[@b44] but the physical mechanism responsible for the observations is not yet clear. Droplet transport has been achieved using light-induced chemical modification of a surface[@b45][@b46].

Another important point is that whereas droplet transport via electrowetting-on-dielectric[@b23][@b24](EWOD) relies on complex electronic circuitry to apply a voltage locally to achieve contact angle modification. Here, in principle, droplet transport using a photoelectrowetting-on-semiconductors (PWOS) effect would render this circuitry, along with the necessary microtechnology to achieve it, redundant. Thus decreasing the complexity and costs. Therefore, in principle, a laboratory-on-a-chip[@b4] using PWOS for droplet transport would imply that the only micropatterning necessary would be for surface functionalization[@b8].

We are now in a position to understand the electrowetting and photoelectrowetting on semiconductors in terms of energy bands. [Figure 7](#f7){ref-type="fig"} illustrates the role of the carriers in the semiconductor in electrowetting and photoelectrowetting on a semiconductor coated with an insulator. If we take the example of an underlying p-; for a negative applied voltage then *accumulation* of carriers (holes) can occur near the insulator/semiconductor interface ([Figure 7a](#f7){ref-type="fig"})[@b16]; in this case the electrowetting behaviour will behave as the LIC system (*C* = *C*~i~) and the droplet will spread out. If now we apply a positive voltage to the droplet, *depletion* of carriers (holes) will occur near the insulator/semiconductor interface and *C~s~* will diminish with increasing voltage[@b16] resulting in less spreading out of the droplet ([Figure 7b](#f7){ref-type="fig"}) as would occur at the equivalent negative voltage. If the positive bias is further increased then depending on doping level of the semiconductor carrier inversion (electrons) could occur[@b16] at the insulator/semiconductor interface leading to a re-emergence electrowetting as in the LIC system ([Figure 7c](#f7){ref-type="fig"}). Under depletion, illumination using above band gap light generates electron-hole pairs in the space-charge region leading to an increase of the overall capacitance ([Figure 7d](#f7){ref-type="fig"}) and spreading out of the droplet, i.e. photoelectrowetting.

As a last point, it is important to understand that the effects described here are *not* the result of simply adding a lumped element into the circuit[@b43] which acts as an optically controlled switch. On the contrary, the depletion layer in the underlying semiconductor is intrinsically responsible for the electrowetting and photoelectrowetting behaviour via the Young-Lippmann equation. Thus, the electrowetting and photoelectrowetting here is governed by the *bulk* electronic properties of the underlying semiconductor which allows the wetting to be controlled in a continuous way. The observations indicate a previously uncharted overlap between *capillary phenomena* and *semiconductor physics* which may prove to be valuable for the introduction of semiconductor effects into the above mentioned technologies[@b8][@b9][@b10][@b11] where wetting and capillary effects are fundamental.

Methods
=======

Materials
---------

The silicon wafers were purchased from Siltronix, France. Data concerning the silicon wafers can be found in the on-line [Supplementary Information](#s1){ref-type="supplementary-material"}. The Teflon® AF 1600 was purchased from DuPont™, USA. The processing details of the Teflon® films can be found in the on-line [Supplementary Information](#s1){ref-type="supplementary-material"}.

Experiments
-----------

Detailed information concerning all the photoelectrowetting, impedance and atomic force microscopy measurements can be found in the on-line [Supplementary Information](#s1){ref-type="supplementary-material"}.

Additional experiments
----------------------

All additional experiments and information on the movies taken during the experiments can be found in the on-line [Supplementary Information](#s1){ref-type="supplementary-material"}.
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![Electrowetting behaviour for the liquid-insulator-conductor system.\
The variation of the contact angle of the droplet is symmetrical with the applied voltage polarity, *θ*~−V~ = *θ*~+V~, and obeys the Young-Lippmann equation. The capacitance of the insulating layer is *C* Fm^−2^; the conductor is considered to be perfect; the liquid is considered to be conducting.](srep00184-f1){#f1}

![Electrowetting and photoelectrowetting behaviour for the liquid-insulator-semiconductor system.\
a, The variation of the contact angle is not symmetrical with voltage polarity, *θ*~−V~ *θ*~+V,~ due to the formation of a depletion region in the semiconductor under the insulator. The capacitance of the insulating layer is *C~i~* Fm^−2^; the voltage dependent capacitance of the semiconductor is *C~s~* Fm^−2^. b, Effect of illumination. Contact angle at positive bias (*θ*~Dark~) for a p-type semiconductor and optically modified contact angle (*θ*~Light~) at the same positive bias via the formation of photogenerated carriers (electron-hole pairs) in the semiconductor. The green arrow represents illumination using above band gap light. The arrows indicate that the effect is reversible. The photoelectrowetting angle modification Δ*θ*~L~ = *θ*~dark~− *θ*~Light~. c, Voltage and illumination dependent capacitances involved in electrowetting and photoelectrowetting.](srep00184-f2){#f2}

![Droplet profiles for electrowetting on Teflon® coated silicon wafers.\
a, p+ type. b, n+ type. c, p type and d, n type All silicon wafers were coated with a 265 nm thick layer of Teflon® AF. Liquid = HCl solution (0.01 M).](srep00184-f3){#f3}

![The effect of illumination on droplets resting on Teflon® coated silicon wafers.\
a, p-type silicon coated with 265 nm of Teflon® using and HCl solution (0.01 M). b, p-type silicon coated with 265 nm of Teflon® using and Acetic acid solution (1 M). c, n-type silicon coated with 265 nm of Teflon® using and HCl solution (0.01 M). d, n-type silicon coated with 265 nm of Teflon® using Coca-Cola. e, n-type silicon coated with 20 nm of Teflon® using and NaCl solution (0.001 M). Δ*θ*~L~*= θ*~Dark~ − *θ*~Light~. Illumination was achieved using a white light source (Schott, USA).](srep00184-f4){#f4}

![Variation of droplet contact angle as a function of applied voltage and illumination for different silicon wafers coated with Teflon®.\
a, p+ (blue circles) and p-type silicon (red circles) coated with 265 nm of Teflon®. b, n+ (blue circles) and n-type silicon (red circles) coated with 265 nm of Teflon®. The contact angles under illumination are indicated by pink circles. c, n+ silicon (blue triangles) coated with 20 nm of Teflon® using an HCl (0.01 M) solution, n-type silicon (open red squares) coated with 20 nm of Teflon® using an HCl (0.01 M) solution, p-type silicon (open blue circles) coated with a 250 nm SiO~2~ and 20 nm of Teflon® using an HCl (0.01 M) solution and n-type silicon (open green squares) coated with 20 nm of Teflon® using an NaCl (0.001 M) solution. The effect of illumination (open pink squares); the green arrows indicate reversibility. The dashed black lines correspond to the Young-Lippmann equation. The solid lines (red, blue and pink) correspond to the capacitance-voltage results (see later) injected into the Young-Lippmann equation. Room lighting measured to be \<10 W m^−2^. Illumination: p-type -- 570 W m^−2^, n-type - 1250 W m^−2^.](srep00184-f5){#f5}

![Capacitance-voltage profiles of gold-Teflon®-silicon stacks.\
a, p+ and n+ silicon wafers coated with 265 nm of Teflon®. b, p-type silicon coated with 265 nm of Teflon®. c, n-type silicon coated with 265 nm of Teflon®. The coloured squares: red to green correspond to increasing light intensity. p-type: red = 350 W m^−2^, orange = 500 W m^−2^, yellow = 700 W m^−2^ and green = 1100 W m^−2^. n-type: red = 200 W m^−2^, orange = 1200 W m^−2^, yellow = 2000 W m^−2^ and green = 2600 W m^−2^. The black traces correspond to the measurement under room lighting \<10 W m^−2^. Measurement frequency for **a** = 10 kHz, **b** = 100 kHz, **c** = 10 kHz.](srep00184-f6){#f6}

![The role of energy bands and carriers in electrowetting and photoelectrowetting for p-type silicon coated with an insulator.\
a, accumulation, b, depletion, c, inversion and d, illumination with above band-gap light under depletion. The insulator is light blue. The green arrow indicates illumination with above band-gap light; the blue arrow corresponds to electron-hole pair photogeneration. E~v~, E~F~, E~i~ and E~c~ correspond to the valence band energy, the Fermi energy, the intrinsic Fermi energy and the conduction band energy in the semiconductor.](srep00184-f7){#f7}

###### Measured and modelled contact angle variation under illumination. The measured values are for silicon coated with 265 nm of Teflon® using a 0.01 M HCl solution. The calculated values use the photocapacitance model[@b25] injected into the Young-Lippmann equation

  Depletion Voltage    p-type *Measured*   *Model*   n-type *Measured*   *Model*
  ------------------- ------------------- --------- ------------------- ---------
  30                         3.8°           6.5°           9.4°           9.2°
  35                          10°           8.7°           9.7°           12.3°
  40                         12.8°          11.4°          16.5°           16°
